. Connexin40 and connexin43 in mouse aortic endothelium: evidence for coordinated regulation.
gap junction; vessel; connexin AT LEAST FOUR GAP JUNCTION proteins or connexins (Cx) have been reported in the vessel wall (Cx37, Cx40, Cx43, and Cx45), and these are thought to play a key role in coordinating the behavior of neighboring smooth muscle and endothelial cells (1a, 7, 8, 13, 14, 25, 28, 35) . Connexin expression is also modified in a variety of pathologies, including hypertension and atherosclerosis (2, 4, 5, 12, 17, 25, 26) . Thus the expression patterns for connexins suggest that they may be involved in control of vascular function as well as the genesis of vascular diseases.
Although the biophysical properties of the individual connexins are well defined and quite distinct (9, 27) , their precise functional roles in the vasculature remain unresolved. The data obtained by using connexin-specific inhibitory peptides suggest that Cx43 may be critical at the myoendothelial junction (3, 14) , connexin knockout experiments have shown that Cx40 and Cx43 play a role in regulating vasomotor tone and arterial blood pressure (5, 19) , and Cx40 and Cx43 in cardiac myocytes have been demonstrated to be downregulated simultaneously (18) . Vascular connexins do not operate in isolation, for modification of one connexin may alter the expression of another (15, 19, 31) . Thus a meaningful assessment of the physiological effects of the deletion of one connexin is dependent on an assessment of alterations induced in the expression patterns of the other connexins. In the Cx40 knockout (Cx40 Ϫ/Ϫ ) mouse, there are divergent reports on the effects of Cx40 deletion on Cx37 expression, and expression of Cx43 in the Cx40 Ϫ/Ϫ mice remains unstudied (15, 31) . Cx43 deletion in the endothelium results in hypotension and bradycardia, but the Cx43 protein has been reported to be absent in the endothelium of mice or to be present in only selected vascular segments (15, 17, 21, 31, 33) , facts that are difficult to reconcile with the phenotype observed in the endothelial cell-specific Cx43 Ϫ/Ϫ animal (19) . On this basis, we hypothesized that Cx43 expression and/or distribution might be modulated by the presence of Cx40. Here, using a variety of methods, we examined the expression of Cx43 in the thoracic aortic endothelium from C57Bl/6 and Cx40 Ϫ/Ϫ mice. The results reveal a striking alteration in the distribution of Cx43 in Cx40 Ϫ/Ϫ mice, suggesting that there is coordination of Cx40 and Cx43 expression and that this may be reflected in diverse responses in different cellular pools of Cx43.
METHODS
Animals and animal care. All procedures and protocols in this study were approved by the University of Virginia Animal Care and Use Committee. Male C57Bl/6 mice (Taconic Laboratories, Germantown, NY) or Cx40 Ϫ/Ϫ mice (the kind gift of Drs. A. Simon, University of Arizona, and D. Paul, Harvard University) were used for these studies. Aortic and cardiac samples from Cx43 Ϫ/Ϫ neonates were obtained by crossbreeding Cx43
Ϫ/ϩ mice (Jackson Laboratories, Bar Harbor, ME) and harvesting tissues immediately after birth. Genomic DNA from tail clips confirmed the genotype of each animal studied.
RNA isolation and processing. RNA was isolated by using the Ambion RNAqueous-4PCR kit and reverse transcribed by using Invitrogen Superscript RT-PCR reagents. For Cx43 PCR, we used the primer pair 5Ј-GACTGCGGATCTCCAAAATA and 3Ј-AAATCA-AACGGCTGGGCGTGG. For Cx40, we used 5Ј-CACCTGGGCTG-GAAGAAGAT and 3Ј-AGTGGCCAGAGCGTCTGGATTC. Platelet endothelial cell adhesion molecule (PECAM) and desmin were used as endothelial cell-and smooth muscle-specific markers, respectively, and were detected by using published primer sets (22, 24) . Taq-only controls showed no contaminating DNA (data not shown).
Immunocytochemistry. Immunocytochemistry was performed on unfixed frozen sections (31), fixed paraffin sections (19) , and fixed en face whole mounts. Adult mice were anesthetized with pentobarbital sodium (50 mg/kg ip). The chest cavity was opened, and a needle was inserted into the left ventricle. The right ventricle was cut, and 5 ml of wash solution [MOPS-buffered physiological salt solution (PSS) containing 4 mM acetylcholine, 4 mM sodium nitroprusside, 5 U/ml heparin, and 1% fetal calf serum] were rapidly infused. Sixty milliliters of either 2% paraformaldehyde in MOPS-buffered PSS or Bouin's fixative (11) in MOPS-buffered PSS were then perfused through the vasculature. For en face observation, the aorta was removed, the adventitial surface was cleaned of connective tissue, and the vessels were cut into segments 3-4 mm in length. Each segment was opened longitudinally and transferred to a glass slide (adventitial side down), and the segment edges were secured to the slide by using silicon rubber adhesive. Aortic segments were pretreated in MOPSbuffered PSS with 1% Triton X-100 and then exposed to primary antibody overnight at 4°C, after which they were washed and exposed to the secondary antibody for 1 h at room temperature. Pericellular boundaries were defined by costaining with vascular endothelialcadherin and cortical actin. Aortic segments and sections were examined by using an Olympus Fluoview confocal microscope with a ϫ60 WI objective (numerical aperture 0.9). Sytox was used to highlight nuclei (Molecular Probes).
Antibodies. Because of diverse reports regarding the distribution of Cx43 and the known cross-reactivity of some of the available antibodies (29) , many tests of antibody specificity were made and several antibodies were tested, including the following: Cx43B (Alpha Diagnostics International, Cx43B12-A, amino acids 359 -382 of the Cx43 protein) (17); Cx43C (Chemicon, AB1727, amino acids 252-270 of the Cx43 protein) (23); Cx43S (Sigma, C6219, amino acids 363-382 of the Cx43 protein) (21); and Cx43K (kind gift from E. Kardami, amino acids 357-382 of the Cx43 protein) (6) . Basic Logic Alignment Search Tool (BLAST) searches of the peptide sequences used to derive the antibodies showed no significant homology to any sequence other than mouse Cx43 protein. We also tested the antibodies on wild-type HeLa cells, HeLa cells transfected with Cx40, and HeLa cells transfected with Cx43 (data not shown; kind gift from E. C. Beyer, University of Chicago). The specificity of the Cx43 antibodies was further tested by assessing competition of the antibody with a Cx43-glutathione S-transferase (GST) fusion peptide kindly provided by Dr. A. Lau (20) (e.g., Fig. 4 ). The Cx40 antibody (Alpha Diagnostic International, Cx40-A, amino acids 340 -358) has previously been tested (10) . Finally, Cx43 and Cx40 immunocytochemistries were assessed in Cx43 Ϫ/Ϫ neonatal mice and Cx40 Ϫ/Ϫ adult mice (e.g., Fig. 2 ). Goat anti-rabbit IgG conjugated with Alexa 568 (heavy and light chains) was obtained from Molecular Probes.
Endothelial cell isolation. Adult mice were anesthetized with injection of pentobarbital sodium (50 mg/kg ip), chest cavities were opened and flushed with ice-cold MOPS-buffered PSS, and 10 ml of ice-cold wash solution were infused through the left ventricle and allowed to exit the vasculature via a cut in the right ventricle. The adventitial surfaces were cleaned of connective tissue, and the vessels were filled with MOPS-buffered PSS containing 1 mg/ml collagenase VIII (Sigma-Aldrich) and 3.36 U/ml elastase (Sigma-Aldrich) and were then incubated for 4 min at 37°C, after which they were pulled gently over a blunted, silicon rubber-filled 23-gauge hypodermic needle, dislodging the enzymatically loosened endothelial cells, which were then collected in a microcentrifuge tube on ice. The cells were immediately pelleted at 10,000 g for 5 min.
Immunoblots. Pelleted cells from six aortas were resuspended in Laemmli sample buffer, lysed by two freeze-thaw cycles, heated to 95°C for 5 min, and loaded on a 12.5% SDS gel. The proteins from the gel were transferred to polyvinylidene difluoride. The blot was blocked with nonfat dry milk, incubated in primary antibody overnight at 4°C, incubated with secondary antibody for 1 h at room temperature, and developed by using Pierce SuperSignal chemiluminescence substrate. The blot was then stripped and reprobed to characterize multiple proteins from the same lysate. ␤-Actin (Sigma) was used to provide an estimate of the amount of protein loaded, desmin (Sigma) served as the smooth muscle marker, and claudin-5 (Zymed) was used as an endothelial cell marker.
RESULTS

Intracellular Cx43 protein distribution in endothelium from C57Bl/6 and Cx40
Ϫ/Ϫ mice. En face immunocytochemistry was used to assess Cx43 protein expression in the presence and absence of Cx40. The C57Bl/6 aortas stained for Cx43 demonstrated extensive intracellular and pericellular staining (Fig.  1, A and B) . Endothelium from the Cx40 Ϫ/Ϫ mice showed a striking reduction in Cx43 pericellular stain while retaining substantial intracellular label (Fig. 1, C and D) .
Cx43 and Cx40 protein distribution across the vessel wall. Frozen and paraffin-embedded cross sections were also examined to ascertain the distribution of the connexin proteins across the vessel wall in both smooth muscle and endothelium. Cx43 was present in both cell types, whereas Cx40 was detectable only in the endothelium (Fig. 2, A and B) . The reduction of punctate staining of Cx43 in the endothelium of Cx40 Ϫ/Ϫ animals was evident, but, unexpectedly, we observed that Cx43 punctates were also reduced in the smooth muscle of the Cx40 Ϫ/Ϫ animals ( Fig. 2C) , even though there was no Cx40 detectable in the smooth muscle of the wild-type animals (Fig. 2, B and D) . This qualitative observation was also noted in vascular endothelial cells Cx43 Ϫ/Ϫ mice (19) .
Tests of connexin antibody specificity: Cx43
Ϫ/Ϫ mice. We made exhaustive tests to ensure that the apparent changes in Cx43 were not due to antibody cross-reactivity. We examined the Cx43 staining in aortic cross sections from Cx43 Ϫ/Ϫ mice. The early postnatal lethality of this genotype necessitated the use of 1-to 6-h-old postnatal mice. In aortas of neonatal C57Bl/6 mice, Cx43 was found in both endothelium and vascular smooth muscle (Fig. 2E) , whereas Cx40 was only found in endothelium (Fig. 2F) . In neonatal aortas of Cx43 Ϫ/Ϫ mice, no Cx43 staining was observed (Fig. 2G) , whereas Cx40 was well expressed in endothelium (Fig. 2H) .
Tests of connexin antibody specificity: multiple antibodies. We also made comparative measurements on a number of additional antibodies in the en face measurements. All Cx43 antibodies demonstrated extensive pericellular stain and varying degrees of intracellular and nuclear label (Fig. 3, A-D and  F-I) . Similar patterns of pericellular staining were seen with Bouin's (Fig. 3, A-D) and paraformaldehyde (Fig. 3, F-I ) fixation, although Bouin's fixed tissue tended to show a more prominent pericellular distribution. In contrast to the Cx43 antibodies, Cx40 antibodies showed little evidence of cytoplasmic or nuclear staining (Fig. 3, E and J) .
Tests of connexin antibody specificity: peptide block of Cx43 staining. As a further test of the specificity of residual Cx43 staining in endothelium, Cx43 antibodies were preincubated with a Cx43-GST protein. Preincubation with the GST protein blocked both the nuclear and the pericellular component of the Cx43 labels in both C57Bl/6 and Cx40 Ϫ/Ϫ mouse aortic endothelium (Fig. 4) . Taken together, these data lend strong evidence in support of the conclusion that the nonpericellular, residual punctata seen in en face Cx40 Ϫ/Ϫ endothelium is Cx43 protein.
Measurement of Cx43 and Cx40 mRNA and protein in mouse aortic endothelium. To further analyze the alterations in protein expression in the Cx40
Ϫ/Ϫ mice, we assayed the mRNA from endothelial cell isolates. Figure 5A shows mRNA from C57Bl/6 mice (lanes 1, 3, 5, and 7) and from Cx40 Ϫ/Ϫ mice (lanes 2, 4, 6, and 8). Cx43 mRNA was readily detected in isolated endothelial cells from both C57Bl/6 (Fig. 5A, lane  1) and Cx40 Ϫ/Ϫ mice (Fig. 5A, lane 2) , as expected from previous work (31, 33) . Cx40 mRNA was not found in the Cx40 Ϫ/Ϫ mice (Fig. 5A, lanes 3 and 4) . Endothelial cell mRNA from the mouse aorta was positive for PECAM and negative for desmin, demonstrating no smooth muscle cells in the isolation procedure (Fig. 5A, lanes 5-8) .
The purity of the endothelial cells was further confirmed at the protein level by immunoblotting C57Bl/6 (Fig. 5, B 
-G, left lanes) and Cx40
Ϫ/Ϫ (Fig. 5 , B-G, right lanes) endothelial cells. Cells from both animals stained for claudin-5 ( Fig. 5B) but not desmin (Fig. 5C) , again indicating an absence of smooth muscle contamination. Cx43 protein was detected by immunoblot in the endothelium of both C57Bl/6 and Cx40 Ϫ/Ϫ mice regardless of the Cx43 antibody used (Fig. 5, D and E) . As expected, Cx40 protein was present in endothelium from C57Bl/6 but not Cx40 Ϫ/Ϫ mice (Fig. 5F ).
DISCUSSION
An altered phenotype from C57Bl/6 animals, including bradycardia and hypotension, is found in the endothelial cellspecific Cx43 Ϫ/Ϫ animal (19) , and this finding is difficult to reconcile with the reported absence of Cx43 protein in the mouse endothelium (15, 16, 30, 33) . The absence of Cx43 in the presence of an altered phenotype from C57Bl/6 mice also raised the possibility of nonspecific effects of the conditional knockout resulting from the use of the cre-recombinase system or an alteration in the function of the floxed Cx43 gene.
We therefore examined the expression of Cx43 in the murine endothelium using multiple antibodies and a variety of approaches. Immunocytochemistry showed both pericellular and intracellular components to the Cx43 protein with each of the antibodies tested (Figs. 1-3) , and we found that Cx40 Ϫ/Ϫ mice have an altered distribution of the Cx43 protein. That is, in the aortic endothelium from the Cx40 Ϫ/Ϫ mice, Cx43 appears to remain intracellular rather than being transported to the plasma membrane. The location and pattern of the labeled intracellular epitopes make it likely that the protein observed is resident in intracellular organelles. We have attempted to colocalize the intracellular Cx43 with endosomes or lysosomes using appropriate labels but to date have not been successful (data not shown). The simplest explanation for the data is that functional pericellular junctions (plaques?) in the endothelium require the presence of both Cx43 and Cx40. The possibility that a small and perhaps functional pool of Cx43 was still expressed at the pericellular boundary should also be noted.
The loss of pericellular stain for Cx43 might reflect either a true loss of protein or a failure of the antibody to detect the protein. The antibody might not have access to the Cx43 protein as a result of some change in the accessibility, e.g., as a result of altered tertiary structure. Alternatively, transport of Cx43 to the plasma membrane might require the presence of Cx40 (see below), and in the absence of an accompanying Cx40, Cx43 accumulates in regions such as the Golgi. Cell fraction studies will be necessary to answer questions such as these.
Surprisingly, in the Cx40 Ϫ/Ϫ animals, not only is the distribution of Cx43 in the endothelium altered, but the amount of Cx43 in the smooth muscle seems to be qualitatively reduced (Fig. 2E) . Because we find no Cx40 in the smooth muscle, the change in smooth muscle Cx43 cannot be due to the same sort of interaction hypothesized for the endothelium. Perhaps Cx40 deletion in the endothelium reduces endothelial Cx43, and this, in turn, causes a reduction in the smooth muscle Cx43 through some feedback between the endothelium and the smooth muscle. In an earlier report (19) , we noted that selective deletion of Cx43 in the endothelium also causes a reduction in the smooth muscle Cx43 expression. It should be noted that this phenomenon has been described in other reports, although the Cx43 protein was upregulated in the smooth muscle cells instead of downregulated as we have observed (31) . Regardless, this suggests that the expression of Cx43 in the two mural cell types may be coordinated by as yet unknown mechanisms.
Several lines of evidence have recently implicated the importance of Cx40 and Cx43 interactions. In vitro models of the myoendothelial junction demonstrated that Cx43 and Cx40, but not Cx37, play an integral role in the gap junctions formed between endothelium and vascular smooth muscle (14) . In addition, double knockout mice in which endothelial cellspecific Cx43
Ϫ/Ϫ and Cx40 were simultaneously deleted have similar elevated blood pressures compared with Cx40 Ϫ/Ϫ mice (unpublished observation). Thus the effect of a double knock- 
/Cx40
Ϫ/Ϫ or a Cx40 Ϫ/Ϫ would have similar results if no Cx40 or Cx43 is expressed at the pericellular boundary in either knockout. This suggests that deletion of Cx40 and the resultant reorganization of Cx43 could induce a hypertensive response. Interactions between Cx40 and Cx43 might occur during the oligermerization process or during transport of functional connexins into the membrane. Because Cx43 tends to oligermerize in the Golgi, the possibility exists for selective organization of homomeric Cx43 hemichannels or multiple combinations of heteromeric Cx40-Cx43 hemichannels (34) . Understanding how this process of oligermerization occurs is important for understanding the interactions between the two connexins, their cellular distributions, and their capacity to be physiologically coupled.
Our work also corresponds well with key observations made by Simon and McWhorter (31) concerning dye transfer in Cx40 Ϫ/Ϫ mice. In Cx40 Ϫ/Ϫ endothelium, microinjection of neurobiotin revealed a significant reduction of dye transfer compared with C57Bl/6 endothelium (31). This reduction of dye transfer was attributed to the corresponding Cx37 protein downregulation in the Cx40 Ϫ/Ϫ mice because it was noted that the Cx37 was still at the pericellular boundary but in much lower amounts (31) . This demonstrates a change in connexin protein expression, which may be due to changes in intracellular signaling (for review, see Ref. 27 ). Similar to Cx37, our 1, 3, 5, and 7) and Cx40 Ϫ/Ϫ (lanes 2, 4, 6, and 8) mice were subject to RT-PCR (A). Cx43 mRNA was readily detected in both C57Bl/6 and Cx40 Ϫ/Ϫ animals (lanes 1 and 2). Cx40 mRNA was in C57Bl/6 endothelium but not in Cx40 Ϫ/Ϫ mice (lanes 3 and 4) . mRNA from endothelium of both types of animals was positive for platelet endothelial cell adhesion molecule (PECAM; lanes 5 and 6), whereas smooth muscle marker desmin was consistently absent (lanes 7 and 8) . results demonstrate that Cx43 protein is also downregulated, albeit away from the pericellular boundary. Together, it appears that all of the endothelial cell connexins are in some form expressed at lower levels or reorganized when Cx40 protein is eliminated. In this way, Cx40 may be acting as a "linchpin" for organization of the connexins into specific domains or hemichannel organizations. This is a key observation when evaluating the several physiological effects of Cx40 deletion already described (5, 10) .
We find that Cx43 is well expressed in the mouse endothelium, and the reasons for prior reports that Cx43 is absent are unclear (15, 17, 31) . Concerns of antibody cross-reactivity in this work are greatly reduced by several observations. First, four different antibodies from a variety of sources and directed toward different amino acid sequences and with different sensitivity to the phosphorylation state of the protein (6) showed qualitatively similar patterns of distribution (Fig. 3) . The selectivity of the Cx43 antibodies is further supported by the lack of nonspecific label after application of the GST fusion peptide (Fig. 4) . Moreover, in Cx43 Ϫ/Ϫ embryos, the Cx43 signal was abolished (Fig. 2) . Thus we conclude that the Cx43 protein is present in the mouse aortic endothelium. Simon and McWhorter (31) used different antibodies, and Fig. 3 highlights that there are differences between the affinity of the primary antibodies and the epitope. It is also conceivable that because of the interaction between Cx40 and Cx43 described herein, antibody access to the Cx43 epitope was hindered. Another possibility is the differences in species processing of antibodies used to detect specific antigens (1). However, Kruger et al. (15) investigated the activation of the Cx43 promoter using lac-Z as an indicator of connexin gene regulation and also failed to see evidence for Cx43 expression in the endothelium. It is, of course, possible that the lac-Z reporter had inadequate sensitivity to detect the activation of the promoter, but Kruger et al. (15) also failed to see Cx43 using techniques very similar to ours. An alternative and bothersome explanation is that the mouse strains used here and in the report by Kruger et al. (15) originate from quite different substrains of the C56Bl/6 mouse and that their Cx43 gene expression is in fact quite different from that in the strain that we used (32) .
In summary, we have shown that Cx43 protein is present in the aortic endothelium and that its distribution is dependent on the presence of Cx40. The Cx43 protein, although still expressed in Cx40 Ϫ/Ϫ endothelium, is selectively eliminated at the pericellular boundary, whereas the intracellular component is well maintained or enhanced. Taken together with the physiological alterations in Cx40 Ϫ/Ϫ mice, we conclude that Cx40-Cx43 interactions in the endothelium play a vital role in determining vascular function.
